1. Introduction {#sec1-ijerph-17-02662}
===============

Electromagnetic fields (EMFs) exist in nature and have always been present among us. However, the increase in demand for electricity and developments in the field of wireless technologies (telecommunications, wireless networking, radio frequencies, wireless charging) have increased environmental and human exposure to sources of EMFs at different frequencies and field strengths. A new form of EMF sources has started to occur in the commercial and public market, which is in the form of high current induction chargers for electric vehicles, electric scooters, electric bicycles, and robots. Wireless charging is based on the phenomenon of induction demonstrated by Faraday in 1831, which states that when an electrical conductor is in a changing (alternating) magnetic field, an electromotive force is produced across the conductors. The concept of wireless charging technology relies on inductive coupling by means of electromagnetic fields that transfer energy through the air from the transmitter coil to the receiver coil. [Figure 1](#ijerph-17-02662-f001){ref-type="fig"}a,b shows the real and the modelled coils, respectively.

As a result, the study of the effect of exposure to the electromagnetic fields on the health of humans is increasing with this technological evolution. Extensive research has been done on biological reactions due to overexposure of humans to electromagnetic fields, and the authors of references \[[@B1-ijerph-17-02662],[@B2-ijerph-17-02662],[@B3-ijerph-17-02662],[@B4-ijerph-17-02662],[@B5-ijerph-17-02662],[@B6-ijerph-17-02662],[@B7-ijerph-17-02662]\] present protective guidelines based on scientific evidence. Several national and international organizations (including the International Commission on Non-Ionizing Radiation Protection (ICNIRP) \[[@B1-ijerph-17-02662]\], the European Commission \[[@B2-ijerph-17-02662]\], and the Institute of Electrical and Electronics Engineers (IEEE) standard coordinating committee \[[@B4-ijerph-17-02662]\]) are reviewing the guidelines for the protection of people exposed to EMF at different frequencies. These guidelines are periodically revised and updated as advances in relevant scientific knowledge are made. There are two levels of protection, basic restrictions in terms of biologically effective quantities (induced current and Specific Absorption Rate $\left( {SAR} \right)$) and reference levels in terms of an external exposure metric (external magnetic and electric fields). However, if the reference level is exceeded, the basic restriction is not necessarily exceeded. Whenever the reference level is exceeded, it is necessary to verify compliance with basic restrictions \[[@B1-ijerph-17-02662],[@B2-ijerph-17-02662],[@B3-ijerph-17-02662],[@B4-ijerph-17-02662],[@B5-ijerph-17-02662]\]. Accordingly, these organisations have concluded by referring to peer-reviewed scientific journals that the exposure below the limits set out in the current guidelines do not seem to have any known detrimental effect on health. Scientific results on the effects of low-frequency magnetic fields are based on several epidemiological, animal, and in vitro studies. In reference \[[@B6-ijerph-17-02662]\], the authors highlighted many adverse health effects, ranging from neurological, neuroendocrine, neurodegenerative disorders to reproductive abnormalities to cardiovascular diseases. For high frequencies, the preponderance of radiofrequency field data suggests that exposure to low-intensity RF fields (such as those from mobile phones and their base stations) does not result in significant health effects. Some scientists have reported that the effects of mobile phone use can include minor changes in brain activity, reaction times, and disrupted sleep patterns \[[@B1-ijerph-17-02662],[@B2-ijerph-17-02662],[@B3-ijerph-17-02662],[@B4-ijerph-17-02662],[@B5-ijerph-17-02662],[@B6-ijerph-17-02662],[@B7-ijerph-17-02662]\].

A large number of researchers have reported low-frequency dosimetry (LF) \[[@B8-ijerph-17-02662],[@B9-ijerph-17-02662],[@B10-ijerph-17-02662],[@B11-ijerph-17-02662],[@B12-ijerph-17-02662],[@B13-ijerph-17-02662],[@B14-ijerph-17-02662]\]. Most of them approach uniform MF. Many numerical models have been used to study the effect of LF on human tissues such as the finite-difference time-domain (FDTD), scalar-potential finite difference (SPFD), finite-element method (FEM), boundary-element method (BEM), FEM/BEM, and method of moments (MoM). The adequacy of these methods is related to the complexity of the model and the heterogeneity of the electrical properties of the human body \[[@B15-ijerph-17-02662]\]. The numerical methods based on cube voxels such as FDTD, SPFD are the most used in dosimetry \[[@B15-ijerph-17-02662]\]. However, this method presents numerical errors due to stair-casing error. Many researchers have presented methods to reduce this error, such as smoothing \[[@B12-ijerph-17-02662]\], and the ICNIRP recommends using the 99th percentile value to calculate the induced field in the human body \[[@B1-ijerph-17-02662]\]. The other conformal methods using unstructured meshes such as FEM and BEM present an advantage of avoiding stair casing error but are less used in numerical dosimetry \[[@B15-ijerph-17-02662]\].

In this paper, the authors study the effects of a 160 W wireless charging system designed for the charging of an electric kick scooter on a persons' head and hands by modelling using COMSOL software in order to determine the magnetic flux density, Specific Absorption Rate $\left( {SAR} \right)$, and temperature elevation due to the magnetic field exposure.

This paper is organised as follows. [Section 2](#sec2-ijerph-17-02662){ref-type="sec"} introduces the principles of the electromagnetic field, the heating mechanism, and a brief explanation about their effects on the human body. In [Section 3](#sec3-ijerph-17-02662){ref-type="sec"}, the COMSOL model is built to study the magnetic flux density, the induced electrical field, specific absorption rate $\left( {SAR} \right)$, and the heat transfer in the head and hands. The results of the modelling are presented in [Section 4](#sec4-ijerph-17-02662){ref-type="sec"}. Finally, a conclusion of this work is given in [Section 5](#sec5-ijerph-17-02662){ref-type="sec"}.

2. Theoretical Background {#sec2-ijerph-17-02662}
=========================

The EMF phenomenon consists of electric and magnetic fields that vary or change with space and time. Their spatial variation depends on the electromagnetic properties of the material (the electrical permittivity and the magnetic permeability). Furthermore, an electric field (EF) is a vector field that exists by the presence of an electric charge and is expressed in volts meter (V·m^−1^), while a magnetic field (MF) is the physical result of the displacement of an electric charge, and it is expressed in two ways: magnetic flux density B in tesla (T) or magnetic field strength H in amperes/meter (A·m^−1^) with B = μH (μ being the magnetic permeability). The Maxwell equations describe the magnetic field and electrical field mentioned above. Furthermore, the electromagnetic fields can be divided into low frequencies (from 1 kHz to 100 kHz) and high frequencies (beyond 100 kHz) according to ICNIRP. Also, EMF is considered non-ionizing radiation as it is too weak to break the bonds that maintain the molecules in cells and, therefore, cannot produce ionization \[[@B1-ijerph-17-02662],[@B6-ijerph-17-02662]\].

[Table 1](#ijerph-17-02662-t001){ref-type="table"} describes the various quantities, their symbols, and their units used throughout this paper. The effect of exposure to EMF depends on its frequency and intensity or magnitude. At low frequency, the human body perturbs the electrical field but not the magnetic field, while human tissue behaves like air for the magnetic field, and therefore, the internal and external MF are approximate equal \[[@B1-ijerph-17-02662],[@B16-ijerph-17-02662]\]. Therefore, a magnetic field generates an induced internal electrical field referring to Maxwell--Faradays' Equation $\overset{\rightarrow}{Rot}$ $\overset{\rightarrow}{E}$ = $- \frac{\partial\overset{\rightarrow}{B}}{\partial t}$.

Accordingly, the current density induced in tissue by this internal electrical field is given by the differential form of Ohm's law $$\overset{\rightarrow}{J}{= \sigma\overset{\rightarrow}{E}}$$ where $J$ is current density, $\sigma$ is the conductivity, and $E$ is the induced electrical field. Its intensity depends on the magnetic flux density and the size of the loop through which the current flows. Thus, when these currents are large enough. They can cause unwanted stimulation of the nerves and muscles \[[@B1-ijerph-17-02662],[@B2-ijerph-17-02662],[@B6-ijerph-17-02662],[@B16-ijerph-17-02662]\]. Referring to the ICNIRP guidelines for a very localised non-uniform MF at low frequencies, the physical quantity used to specify the basic restrictions on exposure to EMF is the internal electric field strength $E$ \[[@B1-ijerph-17-02662]\], as it is the electric field that affects nerve cells and other electrically sensitive cells in the body.

2.1. Specific Absorption Rate (SAR) {#sec2dot1-ijerph-17-02662}
-----------------------------------

The specific absorption rate or $SAR$ is the quantity of energy dissipated per mass of human tissue and has a unit of watts per kilogram (W/kg). In addition, $SAR$ is proportional to the square of the internal electric field, and it is related to it in material or biological tissue by Equation (2) according to references \[[@B1-ijerph-17-02662],[@B2-ijerph-17-02662],[@B4-ijerph-17-02662]\] and \[[@B17-ijerph-17-02662],[@B18-ijerph-17-02662],[@B19-ijerph-17-02662],[@B20-ijerph-17-02662]\]:$${SAR}{= \sigma\frac{\left| E \right|2}{2\rho}}{\  = \sigma\frac{\left| E_{rms} \right|2}{\rho}}$$ where $E$ and $E_{rms}$ are the peak, and the root mean square value of the internal EF, $\sigma$ is the conductivity of tissue, and $\rho$ is its mass density.

When referring to the general guidelines of ICNIRP and the European directives cited in references \[[@B1-ijerph-17-02662],[@B2-ijerph-17-02662]\] and \[[@B3-ijerph-17-02662]\], it is possible to differentiate between two values of $SAR$---whole-body $SAR$ and spatial average $SAR$. The whole-body $SAR$ is the energy absorbed by the whole body divided by its mass, while the spatial average $SAR$ is the energy dissipated within a local region by averaging over specific volume or mass (generally 1 g or 10 g of tissues) \[[@B2-ijerph-17-02662],[@B3-ijerph-17-02662]\].

2.2. Bio-Heat Transfer {#sec2dot2-ijerph-17-02662}
----------------------

Penne's bio-heat equations predict the heat transfers in human tissue and include the effect of blood perfusion on tissue temperature \[[@B18-ijerph-17-02662],[@B19-ijerph-17-02662]\].

The general form of Pennes' Equation is written as $${\rho c\frac{dT}{dt}}{= \nabla\left( k\nabla T \right) + w_{b}c_{b}}\left( T_{a} \right. - T{) + q_{m}}$$ where $\rho$ is the mass density, $c$ is the specific heat capacity, *k* is the thermal conductivity, and $q_{m}$ is the metabolic heating. $c_{b}$, $w_{b}$, $T_{a}$ are the specific heat capacity, perfusion rate, and temperature of the blood, respectively. $T$ is the temperature to be targeted. The value of these heat properties depends on each organ and based on the findings of \[[@B10-ijerph-17-02662],[@B19-ijerph-17-02662],[@B21-ijerph-17-02662],[@B22-ijerph-17-02662]\].

2.3. Relation between SAR and Bio-Heat Transfer {#sec2dot3-ijerph-17-02662}
-----------------------------------------------

When biological tissue is exposed to an external heat source $Q_{s}$, this source should be combined with the bio-heat equation \[[@B9-ijerph-17-02662],[@B10-ijerph-17-02662]\]:$${\rho c\frac{dT}{dt}}{= \nabla\left( k\nabla T \right) + w_{b}c_{b}}(T_{a} - T) + q_{m} + q_{s}$$

In our application, the external heat source is the MF, which introduces internal electrical field in the human tissue, thus, in turn, inducing current flow in the tissue as described in Equation (1).

The movement of current in biological tissue produces a heating effect represented by the differential form of the Joule heating relationship $\frac{dP}{dV}$ = $\frac{1}{\sigma}J^{2}$ \[[@B23-ijerph-17-02662]\].

By combining (1) and (2), we find $$Q_{s}{= \rho SAR}$$

Thus, the heat source due to external MF is equal to the mass density of the tissue multiplied by the $SAR$. Referring to guidelines, the effect of heat on exposure to an EMF becomes important for frequencies above 100 kHz.

3. COMSOL Model {#sec3-ijerph-17-02662}
===============

In order to study the effect of our wireless charging system built for a kick scooter, a model is built under the finite element method (FEM) and multi-physics software package COMSOL Multi-Physics. Many models have studied the effect of a high power wireless charging system going from 3.2 kW to 20 kW for electric vehicles, where the systems are shielded to limit the leakage magnetic field. Besides, humans are not directly exposed to the source of the magnetic field due to the presence of the vehicle chassis \[[@B24-ijerph-17-02662],[@B25-ijerph-17-02662],[@B26-ijerph-17-02662]\]. However, in this paper, the authors have studied the effect of a 160 W wireless power transfer (WPT), where the human body can be directly exposed to the magnetic field between the two coils, and therefore, the magnetic field density at this position is the most important.

Here, the two coils of our 160 W induction charging system have been modelled in a finite element air sphere with two coils superimposed at a parallel distance of 6 cm. Both coils are constructed from copper with ferrite cores with 17 spires (inner radius = 2.25 cm, outer radius = 5.6 cm), as shown in [Figure 1](#ijerph-17-02662-f001){ref-type="fig"}a,b. The transmitter coil is positioned under the chassis of the scooter, as shown in [Figure 1](#ijerph-17-02662-f001){ref-type="fig"}c. The system is not shielded due to its adverse impacts on efficiency \[[@B25-ijerph-17-02662]\]. However, the system must be shielded when the MF evaluation exceeds the limit to mitigate it.

Before simulating the complete model, a simple simulation is performed under COMSOL, in order to validate the geometry of the two coils used in our wireless charging system. Thus, a single-coil is modelled in a finite element air sphere, where a 2A current source powered the coil. The exact resolution of this system amounts to solving the magnetic vector potential and the Ampère--Maxwell equation \[[@B27-ijerph-17-02662],[@B28-ijerph-17-02662],[@B29-ijerph-17-02662]\]. Furthermore, the experimental measurement of the flux density of the magnetic field is done in order to validate the COMSOL physics study and the geometry of the two coils used in our simulation. To achieve this, one coil is introduced with a static current source of 2A, and the magnetic flux density is measured with magneto-resistive sensors, as shown in [Figure 2](#ijerph-17-02662-f002){ref-type="fig"}a. The sensor is fixed using a universal robot at 2 cm above the centre of the coil. Thus, the flux density of the magnetic field is measured as a function of the x-axis.

[Figure 2](#ijerph-17-02662-f002){ref-type="fig"}b shows the results of the simulation and experiment. It can be clearly seen that the simulated and the experimental graphs match with a small error for low densities of the magnetic field due to the resolution of the sensor. Thus we can validate the geometry of the coils and the physics used in our COMSOL model.

Furthermore, in order to study the effect of the magnetic field generated by our wireless charging system producing 160 W at a frequency of 30 kHz, two possible body parts of a person that might be exposed to the magnetic field, namely the head and the hands, were introduced. The human head is positioned in front of the two coils at a distance of 4 cm to mimic someone looking at the system from the side. The shape of the human head (with a skull partially removed) is taken from the standards of the IEEE, the International Electrotechnical Commission (IEC), and the European Committee for Electrotechnical Standardization (CENELEC) \[[@B30-ijerph-17-02662]\].

The model samples some organs material parameters (conductivity; permeability for skull, eyes, and brain) with a volumetric interpolation that assesses the variation of these parameters related to their positions inside the head based on references \[[@B31-ijerph-17-02662]\] and \[[@B32-ijerph-17-02662]\]. The carrying data file is created from a magnetic-resonance image (MRI), and its resolution is modified to correspond to that of our multi-physics model mesh, as shown in [Figure 3](#ijerph-17-02662-f003){ref-type="fig"}a. According to the adult body size, a CAD model of a human hand is built base on the 3D morphology of referents \[[@B33-ijerph-17-02662]\]. The human hand of a 70 kg male is modelled with just two biologics tissues (skin and bone) as shown in [Figure 3](#ijerph-17-02662-f003){ref-type="fig"}b with specific parameters shown in [Table 2](#ijerph-17-02662-t002){ref-type="table"}. The hand is positioned between the two coils in order to study the effect of a magnetic field if someone would try to put his hand between the two coils of the charging system. The skin is composed of multilayer tissues, which are the epidermis, dermis, and subcutaneous tissue. It is considered by the ICNIRP 2010 as one of the target tissues for the peripheral nervous system, and the ICES considers it as a topic to be solved. Previous literature has provided data on dielectric parameters of the skin \[[@B9-ijerph-17-02662],[@B34-ijerph-17-02662]\]. In reference \[[@B35-ijerph-17-02662]\], the authors have provided new data on the conductivity of the tissue of the skin at frequencies. They found that the conductivity of the epidermis determines the conductivity of the skin. In our model, the conductivity of the skin is based on the findings in reference \[[@B35-ijerph-17-02662]\]. The thickness of the hand skin is taken from reference \[[@B36-ijerph-17-02662]\].

The reason we chose these two human limbs (head and hand) is to take two possible extreme cases of a human being in front of or near the induction charging system. The specific position of the head is chosen as it is the body part that contains the brain and is part of the very fragile central nervous system. It might be exposed to the MF when trying to look at or inspect the charging system from the side. The charging is made using a static wireless charging system. Thus, the charge is done without the presence of the driver. However, if someone stands on the scooter during charge, it is noticed that the density of the magnetic field near the body is less than the density between the two coils. Hence, this case is considered non-extreme.

4. Calculated Results and Discussion {#sec4-ijerph-17-02662}
====================================

In this section, the authors present the results of the simulated model. Then they compare them to guidelines as determined by the ICNIRP, the European Commission, and IEEE---ICES.

4.1. Magnetic Flux Density and Induced Current {#sec4dot1-ijerph-17-02662}
----------------------------------------------

The shape of the magnetic field lines and their flux density ($B_{rms}$) for our wireless charging system are shown in [Figure 4](#ijerph-17-02662-f004){ref-type="fig"}a. Referring to ICNIRP 2010 reference levels, the general public exposure to a magnetic field is limited to 27 µT for a range of frequencies between 3 kHz and 10 MHz \[[@B1-ijerph-17-02662]\].

Therefore, the root mean square of the flux density of the magnetic field $B_{rms}$ generated by a 160 W wireless charging system is measured at a position of 20 cm from the centre of the coils as a function of the z-axis (from z = 0 → 20 cm) as shown in [Figure 4](#ijerph-17-02662-f004){ref-type="fig"}b. In fact, according to the ICNIRP guidelines, if the source of the magnetic field concern is localized at less than 20 cm from the body, the real evaluation of exposure to MF is to determine the induced electrical field in the body. When the distance exceeds 20 cm, the measure of the MF in the space occupied by the body is possible \[[@B1-ijerph-17-02662]\].

[Figure 4](#ijerph-17-02662-f004){ref-type="fig"}b shows that the $B_{rms}$ curve does not exceed the limit recommended by the ICNIRP. We find the maximum $B_{rms}$ = 21.6 µT at z = 3.6 cm (opposite to the centre between the two coils). To validate the simulation, we measured experimentally the flux density of the magnetic field at the x, y, z-axis using the magnetoresistive sensor. Then, the $B_{rms}$ is calculated, as shown in [Figure 4](#ijerph-17-02662-f004){ref-type="fig"}c.

The result shown in [Figure 5](#ijerph-17-02662-f005){ref-type="fig"} validates that the experimental points coincide with the simulation curve and therefore, at this position, our system is safe, referring to ICNIRP reference levels.

In the next model, the authors aim to study the effects of a 160 W wireless charging system on human head and hand. Thus, the head is placed at 4 cm far from the system (MF very localized) and the hand between the coils, as presented in [Section 3](#sec3-ijerph-17-02662){ref-type="sec"} and shown in the figures below.

Furthermore, in this model, the source of the magnetic field understudy is localized at less than 20 cm from the human body, so according to the ICNIRP guidelines, in this case, we determine the induced electrical field \[[@B1-ijerph-17-02662]\]. Thus, in the designed COMSOL model, the electrical field is calculated in a tetrahedral finite element with a volume of 7 × $10^{- 8}~m^{3}$ and 5.4 × $10^{- 9~}m^{3}$ for the head and the hand respectively. The calculated electrical field value is maximum local. Otherwise, for the ICNIRP, the internal electrical field is calculated as a vector average in a cube of 6 × $10^{- 9}~m^{3}$. The ICNIRP recommends considering the 99th percentile value as the maximum to filter the numerical stair casing error \[[@B1-ijerph-17-02662]\]. However, the 99th percentile is not accurate to localized exposure scenarios where the significant induced electric field is concentrated in a small volume \[[@B12-ijerph-17-02662]\]. The FEM method with unstructured mesh is chosen for its advantage against numerical methods based on cube voxels such as FDTD, SPFD to avoiding stair casing error \[[@B15-ijerph-17-02662]\]. Besides, unstructured mesh presents an advantage in modelling curved geometry such as the human body \[[@B37-ijerph-17-02662]\].

For a frequency of 30 kHz, the restriction of the induced electrical field is presented in [Table 3](#ijerph-17-02662-t003){ref-type="table"}.

From [Figure 6](#ijerph-17-02662-f006){ref-type="fig"}, it can be seen that the maximum internal electrical field strength (maximum $E_{rms}$) in the head is between 0.7 V·$m^{- 1}$ and 0.8 V·$m^{- 1}$ so at this value, the head is safe, referring to the restricted value of the induced electrical field represented in [Table 3](#ijerph-17-02662-t003){ref-type="table"}.

Furthermore, the maximum induced electrical field value in the skin of the hand is between 14 and 16.5 V·$m^{- 1}$) and in the bones between 2 V·$m^{- 1}$ and 3 V·$m^{- 1}$ as shown in [Figure 6](#ijerph-17-02662-f006){ref-type="fig"}. Thus, the result shows that the induced electrical field exceeds the restricted values for the skin, which can affect nerve cells referring to the ICNIRP and European commission. However, the hand is placed between the two coils; this is an extreme case, and it can be considered harmless to human health, and therefore, there is no need to shield the system.

4.2. SAR and Heat Transfer {#sec4dot2-ijerph-17-02662}
--------------------------

### 4.2.1. $SAR$ and Heat Transfer at 100 kHz {#sec4dot2dot1-ijerph-17-02662}

In our simulation model, the Finite Element Method (FEM) is used to simulate the local $SAR$ in a finite tetrahedral, although the guidelines have been specified using the Finite-Difference Time-Domain (FDTD) method to simulate the spatial average $SAR$ by averaging the local $SAR$ simulated in 1 g or 10 g of voxels cubes tissues \[[@B5-ijerph-17-02662]\].

The Federal Communications Commission (FCC) has ruled that FEM is a valid method to simulate the $SAR$ as an alternative method to FDTD. This method is chosen for its advantages over FDTD for unstructured mesh and curved surfaces such as human organs \[[@B37-ijerph-17-02662]\]. Furthermore, the local SAR is generally greater than the 1 g or 10 g spatial averaging $SAR$, and when referring to basic restrictions, values of spatial averaging $SAR$ are limited to 2 W·kg^−1^ in the head and 4 W·kg^−1^ in the limbs (general public from 100 kHz to 10 GHz). Our system operates at 30 kHz. However, the minimum frequency specified by the organizations to have a significant heating effect on human tissue is 100 kHz, so our $SAR$ results are compared to this minimum frequency.

[Figure 7](#ijerph-17-02662-f007){ref-type="fig"} shows that the local $SAR$ in the head and the bones of the hand is in the order of $10^{- 4},$ and in the skin is in the order of $10^{- 2}$ which is significantly lower than the restrictions specified by the ICNIRP, the European Commission, and IEEE-ICES.

Moreover, in order to show the effect of the energy absorbed as a form of heat, we simulated the bio-heat transfer and $SAR$ equations presented in [Section 2](#sec2-ijerph-17-02662){ref-type="sec"} (the human being has been considered in a state of rest, and $q_{m}$ can therefore be neglected) \[[@B21-ijerph-17-02662]\]. The result of the temperature increase in the head is shown in [Figure 7](#ijerph-17-02662-f007){ref-type="fig"}. The frequency-stationary study shows that the local increase of temperature in the head, skins, and bones at 30 kHz is equal to $10^{- 6}$ K for the head and $10^{- 5}$ K for the skin and bones, which is negligibly low and would be difficult to measure in practice, and will, therefore, be disregarded.

### 4.2.2. Evolution of $SAR$ and Temperature {#sec4dot2dot2-ijerph-17-02662}

In this part, the authors present $SAR$ and temperature evolution with higher frequencies (100, 500, and 1000 kHz) for the head and the hand. Since the dielectric parameters of biological tissues change in terms of the frequency, the new dielectric parameters were modified for each frequency based on references \[[@B31-ijerph-17-02662],[@B32-ijerph-17-02662]\].

[Figure 8](#ijerph-17-02662-f008){ref-type="fig"} and [Figure 9](#ijerph-17-02662-f009){ref-type="fig"} show the SAR and heat increase as a function of frequency. We can notice from [Figure 8](#ijerph-17-02662-f008){ref-type="fig"} that the $SAR$ at 100 kHz in the head and the hand is order $10^{- 1}$ which is less than the restrictions specified by the organizations. However, at 500 kHz and 1000 kHz, the $SAR$ is still less than the restrictions for the head and the bones of the hand and much smaller than the skin $SAR$, which slightly exceeds the limit for 500 kHz (4.3 W/kg) and considerably exceeds for a frequency equal to 1 Mhz (21 W/kg). Therefore, it can be concluded that our wireless charging system at these frequencies (500 kHz and 1 MHz) starts to have a significant heat effect where the maximum local increase of temperature is equal to 1.81 °K at 1 MHz in the skin of the hand, as shown in [Figure 9](#ijerph-17-02662-f009){ref-type="fig"}.

5. Conclusions {#sec5-ijerph-17-02662}
==============

The authors have presented in this paper the magnetic effect of a 160 W static wireless charging system of an electric kick scooter on human tissues. Four parameters (magnetic flux density, induced electrical field, $SAR$, and heat) have been simulated and compared to the guidelines and limits specified by the ICNIRP, the European Commission, and IEEE-ICES. From the simulated results, our study has shown that the used wireless charging system may be considered harmless at 30 kHz, and the results of simulation of the four parameters are lower than the limits specified by the organizations, except for induced EF in the skin. By increasing the frequency, we got a bigger $SAR$ and heat effects, which exceeded the skin the limits specified by the ICNIRP, the European Commission, and IEEE-ICES. Furthermore, high-power wireless transfer systems (3.6 kW, 7.2 kW, 11 kW) for electric cars are starting to be commercialized. In a few years, wireless systems are predicted to be everywhere---at home, work, in public places---and therefore, we will be exposed to more and more electromagnetic fields. Our future work will be further developed to determine the effects of this increase in the wireless system and electromagnetic fields on human health.
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ijerph-17-02662-t001_Table 1

###### 

Units for magnetic and heat properties.

  Symbol              Quantity                    Unit
  ------------------- --------------------------- -------------
  $B$                 Magnetic flux density       T
  $J$                 Current density             A/m^2^
  $E$                 Electrical field strength   V/m
  $µ$                 permeability                H/m
  $\sigma$            conductivity                S/m
  $\rho$              Mass density                kg/m^3^
  $c$                 Heat capacity               J/(kg·K)
  $k$                 Thermal conductivity        W/(m·K)
  $\mu_{r}$           Relative permeability       
  $\varepsilon_{r}$   Relative Permittivity       
  $T_{a}$             Arterial temperature        K
  $c_{b}$             heat capacity of blood      J/(kg·K)
  $w_{b}$             blood perfusion rate        kg/(s·m^3^)
  $q_{m}$             Metabolic heat              W/m^3^

ijerph-17-02662-t002_Table 2

###### 

Dielectric properties of the skin and bones of the hand at 30 kHz and 100 kHz.

  Tissues                   $\mathbf{\mu}_{\mathbf{r}}$   $\mathbf{\varepsilon}_{\mathbf{r}}$   σ                   *ρ*
  ------------------------- ----------------------------- ------------------------------------- ------------------- ------
  Skin (30 kHz)             1                             1.13 × $10^{3}$                       0.095               1090
  Bones of arms (30 kHz)    1                             308                                   2.06 × $10^{- 2}$   1920
  Skin (100 kHz)            1                             1.12 × $10^{3}$                       0.1                 1090
  Bones of arms (100 kHz)   1                             228                                   2.08 × $10^{- 2}$   1920

ijerph-17-02662-t003_Table 3

###### 

Basic restrictions for electrical induced field $E$.

  Frequency 30 kHz                             $\mathbf{E}_{\mathbf{r}\mathbf{m}\mathbf{s}}$
  -------------------------------------------- -----------------------------------------------
  All tissues of head and body (ICNIRP 2010)   4.05 V/m
  Entire body(European commission)             8.06 V/m
